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ABRASION AND SOLUTION OF TEETH 
By Wilmer Souder and Irl C. Schoonover 


ABSTRACT 


Minute changes in the surfaces of teeth are detected by observing the injury to 
alibrated indentation marks made in these surfaces by a diamond hardness 
indenter. 

Abrasive and chemical injuries are disclosed by observing or photographing a 
ries of these marks, so placed that each small area is definitely identifiable. 
Objectionable abrasives in dentifrices are readily detected by brushing a tooth 
urface on which indentations have been placed. 

The indentations also give an indication of the hardness of the tooth and enable 
be investigator to select areas of known hardness for experimental tests. 

Some data are presented to show the initial effects of chemical solutions and 
acterial actions, which may play important roles in the development of dental 
aries. 

Eleven figures and two tables correlate the experimental work. 
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I. INTRODUCTION 


Evaluations of experimental data on abrasion or solution by denti- 
nice or by the causes responsible for dental caries are usually accom- 
banied by difficulties and uncertainties. These arise from such 
mee factors as: 
) How hard was the tooth tested? 
i) How much of the effect was on enamel, and how much was on 
ther constituents of the tooth? 
) Did the tooth absorb or lose water during the test or weighings? 
i) Is the abrasiveness of a dentifrice, rubbed or brushed against a 
ietallic or vitreous surface, comparable to its abrasiveness when 
rushed against a tooth? 
The Bureau was called upon during the year 1942 to make an inves- 
zation of certain brands of dentifrice for an agency of the United 
tes Government. During the investigation it was necessary to 
bevise a method that would make it possible to follow more precisely 
‘more intelligently the changes taking place during the use of a 
lintifrice. In other words, it was nec essary to find whether a change 
n weight of a brushed tooth resulted from: a loss or a gain in water 
itent, changes in composition, abrasion, solubility of tooth struc- 


us, or some combination of these possible causes. 
247 
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It seemed sound, experimentally, to employ one of the marking » 
scratching methods used to determine the wear of bearing surfaces 
to secure visual evidence of the progress of injury to teeth. Any 
instrument capable of placing, repeatedly, small marks of know 
dimensions in enamel or dentin surfaces may be used, provided loss 
of surface layers or changes in surface structures are revealed by 
proportionate changes in these marks. 

The Knoop pyramidal- diamond indenter,! when pressed into flat 
surfaces, under a constant load, produces indentations of definite 
depth, width, and length (see fig. 1). It served well in this researc : 
These depressions in the surface are clearly outlined and easily 
photographed. 

Surfaces of enamel or dentin so marked and photographed may 
then be exposed to the action of an abrasive, a chemical, or a denti- 
frice and again photographed, after the exposure (see fig. 2). The 
changes will be evident when the photographs are compared. From 
such comparisons it is possible to establish on a single tooth the 
damage to enamel or dentin developed during the experimental 
procedure. ‘This is a definite advantage not inherent in many other 
methods employed for studying these problems. 


II. EXPERIMENTAL DATA 


The following experimental data and figures were obtained, using 
this method to investigate the attack by the materials indicated on 
the enamel and dentinal surfaces of teeth. 

The linear magnifications of the figures shown in this report are, 
for figures 1, 4, and 5, B, equal to 135, and for the remainder, equal 
to 45 when printed to a width of 2% inches. Where the surface 
contains dentin, the dentin is on the lower-right area of the figure. 


1, ABRASION OR SOLUTION PRODUCED BY DENTIFRICES 


The problem was to determine whether the observed weight losses 


of teeth brushed with the two dentifrices in question resulted from| 


abrasion or solution of the tooth structure. 

The brushing tests were made on the enamel and dentin surfaces 
of crown sections of teeth cut off above the pulpal chamber. They 
were held against a rotating bristle wheel with a load just below that 
necessary to stall the wheel. The teeth were interchanged, so that 
in most instances each tooth was tested with the three dentifrices. 
Data for these tests are reported in table 1. (An approximate 
evaluation of the brushing effect of the rotating brush in terms 0! 
hand-brushing gives 3 minutes of the rotating brush equal to 1 yea! 
of normal or average hand-brushing.) Definite injury was produced 
by hand-brushing, using both dentifrices (A and #), as shown 0 
figures 4 and 5. 





1 Frederick Knoop, Chauncey G. Peters, and Walter B. Emerson, A sensitive pyramidal-diamond too {0 
indentation measurements, J. Research NBS 23, 39 (1939) RP 1220. 








Journal of Research of the National Bureau of Standards Research Paper 1563 


etek ee 


» ® vans 
* 
seer ee 


FicureE 1.—Dental enamel surface polished and indented. 


In figures 1, 4, and 5, the longer indentations are the result of heavier loads. 








Journal of Research of the National Bureau of Standards Research Paper 1563 


Figure 2.—Enamel-dentin surface polished and indented. 


A, origina] surfaces; B, same surface after 5 days’ exposure to a water solution of powder A; C, same surface 
after 4 months’ exposure to the water solution of powder A. The diamond hardness indenter was 42410 
applied to the surface (at the end of the 4 months) with the same load as that used on A. The solvent 4n¢ 
softening actions are evident. 
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FiagurE 3.—Enamel-dentin surfaces polished and indented. 


A, original surfaces; B, same surfaces after 5 days’ exposure to a water solution of powder B. No solvent 
action on the dentin is evident. 





Figure 4.—Dental enamel surface polished, indented and brushed 25 minutes by 
hand with a waterpaste of powder A. 
Note the difference between an apparent solvent action here and the abrasive action so evident in figure 5. 
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Figure 5.—Dental enamel surfaces polished and indented. 


1, same area as figure 1, brushed 25 minutes with powder B; B,same area as figure 4, brushed 25 minut 
with powder B after 25 minutes of brushing with powder A. 


FicurE 6.—Enamel-dentin surfaces polished and indented. 


A, original surfaces; B, same surfaces after 4 days in a 20-percent solution of granulated sugar 
(The darker ovals are folds where the contour of the enamel] runs below the plane of polis! 
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FiGuRE 7.—Enamel-dentin surfaces polished and indented. 





nal surfaces; B, same surfaces after 5 days in water solution—sugar and calcium hydroxide (20 g of 
ind 5 g of Ca(OH)» per 100 m1 of water); C, same surface after 6 days in a sterile 20-percent sugar 
D, after 6 days in a 20-percent sugar solution, to which had been added 20 g of CaSO, and 2 ml 

i for each 100 ml of solution. 
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Figure 8.—Enamel-denlin surfaces polished and indented. 


A, original surfaces; B, after 5 days in a crude molasses (pH 4.3); C, after 5 days in a solution containing 208 
of granulated sugar and 2 g of sodium alginate per 100 ml of water (pH 4.3). 
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FicurE 9.—Enamel-dentin surfaces polished and indented. 
1, newly polished surfaces; B, same surfaces after 5 days in a “‘raw”’ sugar solution (pH 4.0). 


Figure 10.—Dental enamel polished and indented. 


A, white spot in enamel surrounded by clearer enamel; B, the same area after 5 days in a “raw” sugar 
solution. 
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TABLE 1.—Losses of enamel and dentin during brushing 
{Wheel brush, 5%-inch, driven at 1,750 rpm] 




















Brushing agent Ban a byt 
Dental enamel (duration of tests 25 min) 
mg 
OS SD Se Ee RRA eS eee Cee Lee eee eee 5 | 
et ee A es eee 1.3 
pO Be RES) er eee eee yes 2 Pn een ee ee en eee 1.0 
Powder A plus 25% of FF carborundum. ._..........-.------------ 15.6 
ps RT EEE is TERS Fs 28 SEE DD PETES EE Fee TERESA 0.0 
Dentin (duration of tests 3 min, average) 
ON EE ee eee PE Re ee RE nee ey Sa ee 22.6 
RSE eS re ehh ee eee Be SOE oS as 34.6 
OOo eS ear ear y ee: She | oe eee ee Se en 7.0 
Wl Ue oc adccs cacy uccniicnedake akeekWesuceuunssboksnmenserasad as b+0.2 














* Average for 2 or more tests. 
b Apparent gain only. Accuracy of weighings is thought to be +0.2 mg. 


The principal solid ingredient of powder A is said to be sodium 
metaphosphate, plus a minor percentage of tricalcium phosphate. 
It is known to be soft, and is claimed to be insoluble. In fact the 
powder showed no abrasive scratches when rubbed against glass and 
is said to show little abrasion when rubbed against metal. The loss 
of enamel during brushing with a %-inch dental wheel driven at 1,750 
revolutions per minute and constantly bathed in a water-powder 
mixture was approximately the same as the loss produced by powder 
B, known to contain abrasives. These losses of enamel are small and 
perhaps are of minor dental significance (see table 1). The loss of 
dentin for soft powder A is, however, three times as much as the’ loss 
for paste C, a dentifrice which complies with a Federal specification.” 

The question naturally arises: How can a slightly abrasive denti- 
frice do so much damage to the dentin of a tooth? A suspicion that 
solvent action was occurring arose when the surface injury shown in 
figure 4 was examined. ‘This surface did not reveal typical abrasive 
injury. The injury produced when powder B was brushed by hand, 
precisely as powder A was brushed, against another surface of enamel 
showed typical abrasive injury (see fig. 5, A.) The surface, in figure 
5, B, near the identations appeared to have been scooped out and 
pushed away. ‘The surface brushed with powder A did not show this 
uuiform removal of enamel over the entire brushed area. There 
appeared to be local pitting, or honeycombing, of the surface and the 
general outline of the indentation was better preserved, although 
there were typical edge and angle losses on the indentation, which are 
characteristic of chemical attack. This was confirmed in the follow- 
ing tests. 

Plane surfaces were cut on teeth selected for the maximum of ap- 
parent soundness. The cutting to plane surfaces was done progres- 
sively on flat disks, using finer and finer carborundum powder as the 
cutting agent. The final polish was produced on a velvet-coated 


’ Federal Specification for Dentifrice; Tooth paste, FF F-D-191a. 
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disk, using wet magnesium oxide as the polishing agent. Marks wer 
placed on both the enamel and dentin surfaces with the indenter, and 
the teeth were immersed in a mixture of water and the dentifricg 
to be tested. 

The chemical attack on the exposed dentin shown in figure 2, B, 
developed from the wet dentifrice powder A applied to the tooth for j 
days without any brushing. The test was repeated on other teeth 
with the same result. After 4 months, the hardness indenter was 
again pressed into the surface of the tooth shown in figure 2, A, (see 
fig. 2, C) with the same load as that used for the specimen in figure 
2, A. The dentin had been softened, as is evident from the greater 
penetration of the diamond indenter. The original normal hardness 
of about 50 (Knoop number) dropped to about 20 for the surface of 
the dentin. Figure 3, B, shows no such effect when a tooth is similarly 
treated with another wet dentifrice, powder B. Hardness tests on 
the surface shown in figures 3, A, and 3, B, were repeated at the end of 
5 months’ exposure to powder B. No such attack as that disclosed in 
figure 2, B, or 2, C, was evident. The fine scratches left in polishing 
the tooth were still visible after the 5 months’ exposure. Dentifrice 
powder A mixed with water chemically attacks tooth surfaces. 

Further confirmation of chemical attack was obtained in the follow- 
ing experiments. Small sections, such as cusps, were cut from teeth 
and were conditioned by storage in water for a number of days. 
They were then washed in alcohol and ether for quick drying and 
weighed on a magnetically damped balance. After the weighing, 
they were stored for 20 days in solutions of dentifrices A, B, and (. 
Powder A caused losses in weight of 0.2 percent and established the 
solvent action by the dentifrice. See table 2. This is not surprising, 
as sodium metaphosphate is a chemical frequently recommended to 

roduce decalcification, when such action is desired in industry. 

entifrice A yielded 0.3 percent soluble phosphate rather consistently, 
even after 15 leachings. Figure 2 confirms the damage indicated in 
table 2. Perhaps the greatest injury to be anticipated from denti- 
frices containing such decalcifying ingredients would come from the 
particles of powder lodged between the teeth or under the gums, 
where they may be expected to continue their action during 24 hours 
of each day, unless they are completely dissolved before the next 
application of dentifrice. 
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TABLE 2.—Solvent action of two tooth powders 


[Sections of teeth immersed in diluted dentifrice] 








Initial weight | Weight after Loss in 
of tooth crown 20 days weight 





Powder A in water (saturated solution) © 





mg mg mg 
605.3 604.3 1.0 
510. 2 509. 0 1.2 
841.8 840.0 1.8 
228. 0 227.3 0.7 





Powder B in water (saturated solution) 





677.2 677.1 0.1 
381.9 382.0 ®,1 
285. 2 285. 2 -0 





Distilled water 





436. 3 436. 1 
146.9 147.0 


So 
mh 

















* On these specimens there was an apparent gain. Since the accuracy of the weighings is thought to be 
+0.2 mg, a gain in weight is not established. 


2. ATTACK BY OTHER CHEMICALS AND BY BACTERIA 


This method of investigation has also been used in a preliminary 
study of the effects of materials other than commercial dentifrices, 
such as sugar solutions, fluorides, alginate (a recent component in 
some dentifrices), and similar chemicals, in the hope that data of 
value in researches on dental caries might be obtained. It has not 
been possible to complete these studies. The following figures and 
comments are recorded, with little attempt therefore to evaluate 
their significance. 

Figures 6 to 11, inclusive, show the effect of exposing tooth enamel 
and dentin to sugar solutions under various conditions. One of the 
theories of dental caries is based on the idea that refined sugars, when 
acted upon by various oral organisms, produce organic acids that 
attack tooth surfaces. If this process is confined in an isolated and 
protected area, carious lesions are said to result from such acid attack. 

Figure 6 shows: A, the freshly polished surfaces of enamel and dentin; 
and B, the same surfaces after 4 days in a 20-percent solution of granu- 
lated sugar. No attempt was made to sterilize the sugar solution or 
to prevent bacterial action. Definite attack of the tooth surfaces is 
wident from the lack of sharp and definite edges of the indentation 
marks in figure 6,B. The darker ovals in the enamel are folds where 
the contour of the enamel runs below the plane of polish. 

_ Figure 7 shows: A, the polished surface of enamel and dentin treated 
sequence; B, 5 days in a water mixture containing 20 g of granulated 
sugar and 5 g of calcium hydroxide, Ca(OH)., for each 100 ml of water 
ithe pH of this solution was 12.3); C, the same surface after 6 days in a 
sterile water solution containing 20 g of granulated sugar for each 100 
ul of water (the pH of this solution was 6.7), and D, after 6 days ina 
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water mixture containing 20 g of granulated sugar, 20 g of calcium gi]. 
fate, and 2 ml of fresh saliva for each 100 ml of water (the pH of this 
solution after 6 days was 3.3). No attack was observed in the sugar 
solution rendered alkaline by the calcium hydroxide, nor was there any 
attack by the sterile sugar solution in which bacterial action was pre. 
vented. Severe attack did occur, however, when bacterial action was 
permitted in the sugar solution containing the calcium sulfate. (In this 
and the following experiments in which bacterial action is discussed, 
actual bacteria counts were not made. Bacterial action was assumed 
to have occurred when gas bubbles could be observed escaping from the 
solution and when the solutions became progressively more acid.) 

Figure 8 shows: A, newly polished surfaces of enamel and dentin: 
B, after 5 days in a crude, not sterilized, molasses (pH 4.3); and C, after 
5 days in a water solution containing 20 g of granulated sugar and 2¢ 
of sodium alginate for each 100 ml of water. The pH of this solution 
at the time the tooth was immersed was 4.3. It is of interest to note 
that no attack of the tooth surfaces occurred in the crude molasses, and 
that the same surfaces were severely attacked by the refined sugar 
solution. 

Figure 9 shows: A, newly polished surfaces of enamel and dentin 
and B, after 5 days in a water solution containing 20 g of raw sugar for 
each 100 ml of water. (The pH of this solution was 4.0.) Severe 
attack occurred. It should be pointed out that although the raw sugar 
is a crude product, some refining has been done, and it is not as crude as 
the molasses used in the previous experiment. 

Figure 10 shows: A, a white spot in the enamel surrounded by 
clearer enamel, and B, the same surface after 5 days in a water solution 
containing 20 g of raw sugar for each 100 ml of water. The white area 
was definitely softer than the surrounding clear enamel as is indicated 
by the longer marks in the white area. The actual Knoop hardness 
numbers were around 250 (kg/mm?) for the white area, and numbers up 
to 350 were obtained for the clear enamel. Such soft white areas are 
considered by some dentists to be more susceptible to attack, and are the 
areas where carious lesions are most likely to occur, provided the white 
spot extends to the surface of the tooth. 

Figure 11 shows: A, newly polished surfaces of enamel and dentin; 
and B, after 9 days in a mixture containing 100 g of a base exchange 
material (1R4 sold by Resinous Products Chemical Co., Philadelphia, 
Pa.) to each 100 ml of water; C, after 24 hours in diluted solution of 
hydrofluoric acid (approximately 1 part per million); and D, after ! 
days in a water solution containing 20 g of granulated sugar and 2 ml 
of fresh saliva for each 100 ml of water. It is evident that the hydro- 
fluoric acid solution was too concentrated. The fluoride treatment, 
however, afforded no protection to the tooth against further attack by 
the sugar saliva solution, as shown in figure 11,D, in which the enamel 
is severely corroded. 

Sections of the teeth stored in sugar solutions for several months 
(minimum about 2 months), in which bacterial action was not prevented 
showed severe attack on the enamel and much less attack on the dentin. 
Actually, the enamel could be pushed away as a sort of paste-like 
coating, leaving the dentin sacrcely attacked at all below the orinigal 
surface. The same general type of attack is illustrated by the enamel 
in figure 11,D, after storage for 9 days in a sugar solution. 
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III. SUMMARY 


A method of research more searching in its application and permitting 
more definite visualization of injury to teeth than hitherto used is 
described. 

The injury to enamel from a dentifrice containing harsh abrasives is 
definitely evident after 25 minutes of brushing with a toothbrush using 
a technique similar to that employed daily by millions. 

The injury to enamel and dentin from a dentifrice containing a de- 
calcifying ingredient is shown. 

A few surfaces of enamel and dentin have been photographed before 
and after exposure to conditious thought to initiate or to foster dental 
caries. 

This method of investigation offers exceptional opportunities for 
studying minute areas of teeth, enamel-dentin, and tooth-restoration 
margins with a definiteness not hitherto available. It should be of 
unusual value in laboratory studies of dental caries, where it will 
be possible to detect in a few days changes in tooth structures that 
might require weeks or months by other methods. 


WasHineTon, August 2, 1943. 
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REPORT ON THE SYSTEMS LEAD OXIDE-ALUMINA AND 
LEAD OXIDE-ALUMINA-SILICA 


By R. F. Geller and E. N. Bunting 





ABSTRACT 


Phase relations were studied for those portions of the binary and the ternary 
systems containing over 50 percent of PbO. It is reasonably certain that the 
binary system contains the compound PbO.AI,03. In the ternary system 3 com- 
pounds (8PbO.A1,03.48iO2, 4PbO.Al,03.2SiO2, and 6PbO.A1,03.6Si02) were identi- 
fied, 4 others were indicated by optical and X-ray properties, and 10 quintuple 
points, which include 6 eutectics, were established. Also, Al,O; (99.9 plus purity) 
was observed to melt at 2,035 °C. 


CONTENTS 
Page 
ly OGM S55 Set es leet es aoe ee eS 255 
II. Experimental procedure- - - - - - - Behan mimi ceva ae ene So ae eee 256 
EE Se Ee ry ee ee eee ae ee 256 
2 ON a a ho eee a cna Aun ado ewan a 256 
FL a A ei os Baran arcs in a eh oa es ee 257 
OF. Oe ee BR iiic cdi op enn aee neat dese neradinnande 260 
1. The silica, mullite, and corundum fields__..--........-------- 260 
2. The fields of PbO and its binary compounds- --.------------- 263 
3: Bields:of the ternary eompounds... =. <2-<.-....--s25--4.-62 264 
4. Ternary compounds of undetermined composition --..--------- 267 
Or \OGRROR RE DE GRABER oo an Kea coK sap esto wena sncn a .. 268 
Th CUES a napa e oe akeun ke seh eee ba dieeboendsigcqueat es 269 


I. INTRODUCTION 


This report is published in order that the limited information given 
may be available for use now rather than to wait until more peaceful 
times make it possible to complete the study. 

Because of extremely slow crystallization rates and other unfavor- 
able characteristics of compositions over the greater portion of these 
two systems, the progress of the work has been very slow. Three 
years were required to obtain the data presented at this time, and there 
is every indication that experimental difficulties will increase as the 
explored area is extended toward the Al,O,;-SiO, side of the diagram. 
The study is a part of the broad survey of systems containing PbO 
that has been in progress since 1932.1 

The PbO-SiO, system (see footnote 1) and the system Al,0,-SiO,? 





'R. F. Geller, A. 8. Creamer, and E. N. Bunting, J. Research NBS 13, 237 (1934) RP705; R. F. Geller 
and E. N. Bunting, J. Research NBS 17, 277 (1936) RP911; 18, 585 (1937) RP995; 23, 275 (1939) RP1231. 
‘N. L. Bowen and J. W. Greig, J. Am. Ceram. Soc. 7, 238 (1924); J. Wash. Acad. Sci. 14, 183 (1924), 
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have been investigated. A limited study of the reaction PbO=Ph,0, 
was made in connection with this investigation, and the report was 
published recently.® 
II. EXPERIMENTAL PROCEDURE 
1. MATERIALS 


QS 


For compositions prepared directly by fusion, the end members 
were (a) sublimed litharge containing 0.02 percent of total detected 
impurities; (b) Al,O; prepared by converting aluminum metal of 99.95 
percent purity to the nitrate and heating at 1,200° C to form the 
Al,O;; and (c) pulverized quartz containing 0.02 percent of non- 
volatile residue on evaporation with HF and H,SO,. 

After fusion in platinum, using an electrically heated furnace, the 
various melts were analyzed chemically (by A. 5. Creamer). 

When it was necessary to heat specimens at temperatures in excess 
of about 950° C, the volatilization of PbO became noticeable, and this 
tendency increased with decrease in the SiO, content. To avoid the 
excessive volatilization of PbO during the preparation of melts con- 
taining little or no SiO., a number of compositions were made by 
coprecipitation prior to fusion, of a nitric acid solution of the litharge 
already described and reagent quality Al (NO3;)3.9H,O in the presence 
of silica gel of 99.96 percent purity. 

For the determination of the melting point of Al,O3, a sample of the 
oxide was prepared by dissolving aluminum metal of over 99.98 
percent purity‘ with reagent quality HNO, and igniting at 1,100° C. 
All reactions were carried out in platinum. 


2. TEST METHODS 


Thermal studies were made by the usual quenching method, using 
recrystallized samples, of which portions were heated at successively 
igher temperatures until liquidus was obtained. The specimens for 

crystallization and for quenching were contained in platinum foil, 
and it was customary to hold the specimen at least overnight before 
each quench. The quenching studies were supplemented, in a few 
cases, with heating curves by the differential thermocouple method. 
All heatings were made in electrically heated furnaces, and the Pt to 
Pt-Rh thermocouples were calibrated by observing the melting tem- 
perature of KCl (770.3° C) and K,SO, (1,069.1° C). Unless otherwise 
noted in the text or the tables, critical temperatures may be considered 
accurate to +2° C. 

Compositions containing over about 90 percent of PbO could be 
crystallized by holding at a suitable temperature for several hours, but 
this holding time increased greatly with decrease in PbO content. 
For melts containing 50 to 60 percent of PbO, for example, it was not 
unusual to develop only partial crystallization after treatments of 
from 1 to 2 months’ duration. 

Examination of treated specimens with the petrographic microscope 
was made in all cases. The results were verified, when necessary, with 
X-ray diffraction patterns made and interpreted by H. F. McMurdie. 
Details of these examination methods have been described.° 


3 NBS Tech. News Bul. 315, p. 52 (July 1943). 
Furnished by James I. Hoffmar, and described by him and G. E. F. Lundell in J. Research NBS 8, 


(1937) RP957. 
*R. F. Geller and E. N. Bunting, J. Research NBS 23, 278 (1939) RP1231. 
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The Al,O; melting point was observed with an optical pyrometer 
while the specimen was resting on an iridium pedestal in an electrically 
heated furnace. The pyrometer calibration was certified to +10° C 
by the Pyrometry Section of this Bureau. 


III. THE SYSTEM PbO-AI,O; 


The existence of a eutectic at about 865° C and 94 percent of PbO 
between PbO and a compound of PbO and Al,O; seems reasonably 
certain (fig. 1) and the data suggest the compound PbO.AlI,O, for two 
reasons: (a) the absence of a break in the heating curve of the com- 
pound composition at about 865° C. This break occurred con- 
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Ficure 1.—The system PbO-Al,0; 


sistently for the compositions higher in PbO than the 1:1 ratio and is 
believed to show the PbO.AI,0;-PbO eutectic temperature (table 1); 
ind (b) the most nearly complete crystallization to one phase was 
obtained with the PbO and AI,O; in equimolar ratio (table 1). Beyond 
this composition, in the region of higher Al,O,; content, the true phase 
lations are largely conjectural, and were not investigated further 
because of the extremely rapid volatilization of PbO during both the 
preparation of melts and the crystallization trials. 

_ The phase assumed to be PbO.AI,0,7 is uniaxial negative, has 
dices of refraction €1.85, 1.91, crystallizes in platy form, and the 
diffraction data are given in table 2.. The data summarized in table 1 
—— 

2. F. Geller, J. Research NBS 27, 555 (1941) RP1443. 


4, hen references are made in this report to the compound PbO.Als03, it should be remembered that its 
stence has not been definitely established. 








258 Journal of Research of the National Bureau of Standards 


indicate that it breaks down rapidly at about 1,000° C to form bet, 
Al,O; and liquid. Whether this “break down’’ is a true incongruent 
melting, or a decomposition accelerated at 970° to 1,000° C and 
resulting from volatilization of PbO, is not clear. The latter ex. 
planation seems plausible in view of the heating-curve results on 
melt 5, which showed a drift, beginning at about 970° C, rather than a 
definite break. 

Solid solution in this system is indicated. In some melts the 
indices of refraction of the PbO.Al,O,; varied, being slightly lower, 
Also, in some cases the alpha alumina had indices of refraction above 
1.765 probably because of PbO dissolved in the crystal. 

The Al,O; sample was observed, in three tests, to melt sharply at 
2,040°, 2,030°, and 2,030° C. The rate of temperature rise at the 
time of melting was 3.5°, 2°, and 5° C per minute, respectively, 
Under the same conditions of test, platinum was observed to melt at 
1,770° C and the alloy 10 Rh-90 Pt at 1,845° C. 

The value of 2,050° C given by Kanolt * for the melting point of 
Al,O; was determined in an Arsem-graphite resistance furnace, and 
Bunting’s ® value of 2,045 +5°C was determined in a high-fre. 
quency induction furnace. The significance of Kanolt’s and Bunt- 
ing’s values are discussed by Wensel.”” 

§C. W. Kanolt, BS Sci. Pap. 10, 295 (1914) 8212. 


8E.N. 5 BS J. Research 6, 947 (1931) RP317. 
%” H. T. Wensel, J. Am. Ceram. Soc. 19, 81 (1936). 
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TaBLE 2.—Diffraction data for the compound assumed to be PbO.Al,0,; 
(by H. F. McMurdie) 


[VS=very strong; S=strong; M=medium; W=weak; VW=very weak] 














Estimated d Estimated d 
intensity intensity 
A A 
M 4. 66 M 1, 963 
Ss 4. 43 M 1. 916 
Ww 4, 22 M 1, 897 
M 4.05 Ww 1.776 
Vs 3. 08 M 1, 680 
M 2. 621 Vw 1, 637 
M 2. 507 Vw 1.613 
Vw 2. 367 VW 1, 598 
Vw 2. 303 w 1, 576 
Ss 2. 221 w 1, 540 
Ww 2. 165 Ww 1, 519 
Vw 2. 140 Vw 1, 508 
Ww 2. 097 Ww 1, 471 
Vw 2. 009 Ww 1, 453 




















IV. THE SYSTEM PbO-AI,0;-SiO, 


Stability fields have been established with some approach to com- 
leteness in that portion of the system containing over 80 percent of 
bO. The remainder of the diagram, as indicated in figure 2, is be- 

lieved to be occupied largely by the fields of corundum and of mullite, 
ee silica primary in a narrow strip extending along the PbO-Si0, 
order. 


1. THE SILICA, MULLITE, AND CORUNDUM FIELDS 


Silica field—It was possible to establish that the silica field does 
not extend beyond 2 percent of Al,O; for compositions containing from 
30 to 35 percent of Si:0O,.  Tridymite is the primary phase in melt 158 
(fig. 2 and table 3), but silica is not primary in melts 112, 130, and 143. 
It seems reasonable to assume that the compositions of the silica 
boundary are approximately on a straight line and extend, as indi- 
cated, from the established eutectic composition in the Al,0,-Si0, 
system to the quintuple point at the junction of the quartz-PbO.Si0, 
boundary with the adjoining ternary field. The liquidus temperature 
at this quintuple point, which is also a eutectic, is between 720° and 
tab * as evidenced by the quench results for melts 113 and 143 

table 3). 

Mullite field——The identification by X-ray pattern of mullite as the 
only crystalline phase in melt 201, heated at 1,450° C (table 3), 
establishes this compound as the primary phase for that composition. 
The same composition, heated at 880° C for 10 weeks, contained 
unidentified lath-like crystals having refractive indices 1.69 max and 
1.67 min and another crystalline phase resembling mullite, but no 
lines for the latter were present in the X-ray pattern. Since mullite 
was not found in melts 128 and 204, the field probably ends approxi- 
mately as indicated (fig. 2), and the boundary temperatures may be 
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expected to decrease toward the tridymite field. This assumption is 
supported by the fact that the liquidus for melt 128 is above 1,200° C, 
and for melt 204 it is about 1,025° C. As the data in table 3 show, 
the liquidus of melt 201 is above 1,450° C. 

Corundum field_—The presentation of the corundum field, as shown 
in figure 2, is based in part on the data in table 1 and in part on the 
X-ray identification of alpha alumina as the primary phase in melts 
958, 260, and 273 (table 3). Furthermore, fie X-ray data and the 
results of quenching tests support the assumption that PbO.AI,O;, 
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Ficurs 2.—The system PbO-A1,0;-SiO,. 


The open circles indicate most of those compositions investigated containing less than about 80 percent of 
PbO. The filled circles indicate the compound compositions. The value of 1,595° C for the AlzO3-SiO2 
eutectic is taken from J. F. Schairer, J. Am. Ceram. Soc. 25,241 (footnote 57) (1942). 


and also the unidentified phase in melts 258, 259, 260, and 273, melt 
neongruently to form corundum and glass. The corundum bound- 
ary, as drawn in figure 2, extends from 50 percent of Al,O; in the 
Al,0;-SiO, system to 10 percent of Al,O; in the PbO-Al,0; system. 
Temperatures at the quintuple points along this curve have not been 
determined, and the only fields of established compounds bordering 
on the corundum field are those of mullite and of PbO.Al,Os. 


553123482 
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TABLE 3.—Results of crystallization and quenching tests and X-ray examinations on 
compositions identified by their Melt Numbers in figure 2 


[Portions of the precrystallized samples were used in all cases for specimens quenched after heat tregt. @ 


ments of 5 days or less duration] 





























TS 
Composition (wt) Quenching tests 
_ Cone phases found 
Yo. % Tay examinati 
PbO | AloOs | SiOz a Crystalline phases produced J = 
% % % Time di. 
2 mo.... 720} Apparently all platy crys- | Phase of unestablished 
; artes on ton Pas iain composition (see table 4), 
- 7yi. . 440, £0 ° 
SEP icocs 67. 50 2. 50) 30. 00 46 br___- 20 Binteesa. ee 
19 hr___- 770} About 5 percent glass_-__-_- 
19 hr__-_- op & Ly SOR 
8 days_.- 655| Unidentified crystals and 
possibly glass. 
> Rater 72.49) 2.57) 24.94/}23 hr___- 715| Same as at 655°, no fusion __- 
46 hr___- 730| 20 percent glass, balance 
— crystals as in melt 
aaa 59.93; 5.06) 35.01) 3 mo__-_- 740| Apparently over 95 percent | Phase of unestablished 
one crystal phase, platy, composition (see table 4), 
refractive indices a@1.66, 
nae 81.71, biaxial nega- 
ive. 
4mo...- 900} one-third glass, two-thirds | Phase of unestablished 
small crystals. composition and different 
49.98} 20.05) 29.97/418 hr..__| 1, 200 than the phase in either 
melt 112 or in melt 121 
(see table 4). 
33 days_- 660| Very small fibrous crystals 
in glass, average index of 
refraction 1.71. 
3.5mo__.| 740) Glass; about 10 percent crys- 
tals, index of refraction 
ee 65. 32 2.19) 32. 49 1.72 max, 1.658 min, biax- 
ial —; and trace of quartz. 
23 br... 755| Sintered OSS RET 
ae... 790) 10 lng percent small erys- | No form of silica present. 
stals. 
OS 805) All glass_____ oe eee eee 
(36 days-. 670} About 90 percent crystals 
+ epg those in melt 
112. 
49 days_- 700} About 80 percent crystals as 
in melt 112; 20 percent 
crystals resembling 6PbO. 
SOs 67. 75 1. 25) 31. 00 Al,03.6SI0O>2. 
23 hr...- 720| Slight sintering._......__..- 
23 hr..-- 725| 25 percent glass, 75 percent 
crystals, as in melt 112. 
| =e 775| About 2 percent crystals, as 
in melt 112. 
19 hr__ eo ie 
1 mo-_- 700} About 50 percent crystals 
(in _— resembling phase 
in melt 112. 
158_-...- 63. 91 1. 00) 35. 09 36 days_. 780| 80 percent glass, 20 percent 
quartz. 
23 hr... 1,000} Glass and tridyinite_-____--_- 
WR ci 80.14) 9.10) 10.76) 29days RR eh ae Says eins Compound 4Pb0.Ah0« 
2S8iO2 (see table 4). 
_ bee 83.97] 4.76) 11.27) 47 hr_- EE See ae. eee Compound 8Pb0.Al0:« 
4SiO>» (see table 4). 
WE e7.0-1 B11 0] Meee O00. . oo eek het oFb0 and 4Pb0.Al0s. 
102. 
15days_.| 725| Apparently on phase—pris- | Compound 6Pb0.Ah0:- 
matic crystals having in- 68102 (see table 4). 
dices of refraction 1.89 
1944... 74. 28 5. 76} 19. 96 max, 1.79 min. 
18 hr 805} Well sintered___....--..--.--- 
23 hr__ 809} About 50 percent glass. ------ 
4. ae le eS | a ane oe Pee 
ee eee he: fe ae i CP een ie em Definite pattern but 
phases identified. 
70 days_. 880! Glass; lathlike crystals hav- | Same as melt 128. 
ing indices of refraction 
, a 39.92; 20.02) 40. 06) 1.69 max., 1.67 min.; and 
crystals resembling mullite. 
eae eb iistinncnknaunrtecawnecbaeninse Mullite, 











See footnotes at end of table. 
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TaBLE 3.—Results of crystallization and quenching tests and X-ray ezaminations on 
compositions idenvified by their Melt Numbers in figure 2 





———— 
— 





























Composition (wt) Quenching tests 
Melt Canine phases a 
No. : y X-ray examination 
PbO | AlaOs| SiO, | Heat treat: | Crystalline phases produced 
% % % Time &¢ 
4 “ a 70 days_.| 880) Glass and platy crystals re- | Same as melt 128, 
sembling those in melt 201. 
8 ht... 32 950} 85 percent glass, 15 percent 
ee 49.94) 10.00) 40.06 very small crystals. 
18 hr__._| 1,000} 90 percent glass, 10 percent 
crystals (not mullite). 
en. <1) hy OU PE NS tn dt bo wading o$ den ake 
oe 49.40} 15. 16) 35.44) 70days__ 880) __... we op EER RICE LD Fe Same as melt 128. 
ee hi FS 8 ye | ee ee eee Do. 
ee Secs Se a. aE ack a rhacn ds nan ctusbnsadicesmanis Definite pattern but no 
phases identified. 
77.2} 148] 80 ~ igus oo SF EE a ee: Sh ape ae Pea peng glass. 
sel. MAR His danni < dew aiewate eecaneanst's ame as melt 258 (900°). 
260...-- 75.5) 18.0) 6.5 {the RG 1, 20) o-oo ease aoc aPbO (and PALOs?).. 
OP ox ack Si Ets onde onesie cdi dmannkedipnses ame as melt 258 (900°). 
M)...-.- 73.4) 220) 46 Sh eS PR ae eee as Trace of aAl,Os3 in glass. 
act) SSN Sica ch aun d teed eseekanne Lines of both melt 5 (800°) 
oe 70.4} 28.0 1.6 and melt 258 (900°). 
SRE cch Kp MO ie dudgteectgiedeadesstutiwes Trace of aA1,0; in glass. 








* For the heat treatments involving several weeks or months, the indicated temperatures were held to 
+”°C. For the shorter treatments, the temperatures were held to +0.5°C, 

> This composition approximates the mole ratio 12PbO: Al,O3: 20SiO2. 

¢This composition approximates the mole ratio 5PbO: Al,O3: 10SiO2. 

4 This composition approximates the compound composition 6PbO: Al,O3: 6SiOz. 


2. THE FIELDS OF PbO AND ITS BINARY COMPOUNDS 


These fields are shown more clearly in figure 3 than in figure 2, 
except for the area in which PbO.SiO, is primary. 

Lead metasilicate (PbO.Si0,) field.—Figure 2 shows this as a very 
narrow field extending from 15.4 to 29.6 weight percent of SiO,, in 
the PbO-SiO, system, to a maximum AJ,O; content of 1.7 percent at 
about the PbO.SiO,-6PbO.A],03.6Si0O, join. 

From the liquidus temperature of 695° C at the PbO.SiO,-2PbO- 
$10.-6PbO.A1,03.6SiO, eutectic, the boundary temperatures rise to 
735° C at the imtersection with the PbO.SiO.-6PbO.A1,0;.6SiO, join. 

Beyond this join, toward the quartz field, the boundary composi- 
tions are believed to be very nearly as indicated, it being relativel 
smple to establish the composition limits in which the metasilicate is 
primary. Little is known in detail, however, regarding the boundary 
temperatures. 

Iead orthosilicate (2PbO.Si0,) field.—This field extends from 8.2 
to 15.4 weight percent of SiO, in the PbO-SiO, system, to a maximum 
lO, content of 2.3 percent at the 2PbO0.Si0,-8PbO.A1,0,.4Si0,- 
——e oo quintuple point. The details are shown in figures 

and 4, 

Tetralead silicate (4PbO.SiO.) field-——4PbO.SiO, is primary in a 
very small composition area, extending from 6.7 to 8.2 weight percent 
of SiO, in the PbO-SiO, system, to 1.2 percent of Al,O, at the4PbO.Si0,- 
8PbO.A1,03.4SiO.-2PbO.SiO, eutectic. The 4PbO.Si0,-8PbO.AlI,0;.- 
{Si0. boundary temperatures rise to 700° C at the intersection with 

ejoin. 

PbO field.—The boundary of the PbO field extends from 6.7 weight 
percent of PbO in the PbO-SiO, system to the PbO-4PbO.AlI,0;.2Si0,- 
PbO.Al,O; eutectic (fig. 3), and then rises to 865° C at 94 percent of 
PbO in the PbO-Al,0, system. 
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PbO.AI,O; field.—The limits of this field, and the boundary temper- 
atures, are fairly well established where the field contacts those of 
PbO and of 4PbO.AI,0;.2Si0O., but the location and nature of the 
remaining limits are largely based on assumptions. From the 
PbO.AI,0;-PbO-4 PbO. Al,0;.2SiO, eutectic, the boundary tempera- 
tures rise in the direction of decreasing PbO content to about 837° C 
at the contact with the field of an unidentified ternary compound, 
then rise through the point A (fig. 3) to approximately 1,000° C at 
90 percent of Al,O; in the PbO-Al,O; system. 

The + symbols in figure 3 indicate compositions for which differ- 
ential heating curves were obtained. These curves were helpful in 
establishing the PbO.Al],0;-PbO-4PbO.Al,0;.2SiO, eutectic. 
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Figure 3.—High PbO portion of the PbO-Al,0;-SiO2 system. 


This portion of the system contaias 9 of the 10 established quintuple points and 2 of the 3 established 
ternary compounds 


3. FIELDS OF THE TERNARY COMPOUNDS 


The composition, melting point, and crystallographic properties of 
three ternary compounds were determined, but it is practically certain 
that there are at least four more ternary compounds in the system. 

8PbO.Al,0;.4Si02.—This compound crystallizes as platy laths, 
characterized by their light-brown appearance when viewed with 
transmitted light. The refractive indices are 2.08 max and 2.04 min. 
Optical character was not obtained petrographically. ; 

The X-ray pattern (table 4) is too complex for analysis (H. F. 
McMurdie). 


The 
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Fiaure 4.—Detail of the PbO-Al,0;-SiO, system. 


The major portion of the investigation was confined to studies of the compositions, indicated by open 
circles, in this portion of the system. 


8PbO.A1,0;.4Si0, is the only ternary compound for which the entire 
stability field is known (fig. 3). Critical boundary temperatures are 
shown in figures 3 and 4, and the compositions of the quintuple and 
eutectic points are given in table 5. The compound melts incon- 
ped at about 735°+5° C to form 4PbO.AI,0;.2Si0, and liquid. 
he reforming of 8PbO.A1,0;.4Si0, is very sluggish (a sample quenched 
from 745° C, and which was about 50 percent glass and 50 percent 
4PbO.A],03.2Si0O,, contained no crystals of 8PbO.AI,0;.45i0, after 
holding for 47 hours at 720°C.) Asa result, 4PbO.A1,0;.2Si0., which 
forms during the initial crystallization of a sample, may remain as 
such; for example, a portion of the original melt was converted to 
over 90 percent of 8PbO.AI1,0;.4Si0, by holding at 700° C for 1 month, 
but some well-developed platy crystals of 4PbO.Al,0;.2S5i0, were 
present. In fact, no a consisting entirely of 8PbO.AI,0;.45i0, 
was obtained, and this explains why the incongruent melting point 
was only approximated. The given temperature (735°+5° C) is 
based in part on results of quenches and in part on the clearly defined 
liquidus at the intersection of the extended 8PbO.AI,0;.4Si0,-4PbO.- 
Al,0;.2SiO, join with the boundary for these phases. 
4PbO.Al,03.2SiO..—The area of primary crystallization for this 
compound probably lies within the bounds of figure 3. The com- 
pound was still the primary phase for a melt in the 5 percent Al,O; 
composition series containing 81.8 percent of PbO but, in a melt 
containing 79.9 percent of PbO, in the same series, a crystal having 
indices 1.92 max and 1.83 min was primary. 
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4PbO.AI,03.2Si0, forms platy crystals, which are uniaxial positive, 
and the indices of refraction are €1.94, w1.93. It melts incongruently 
at 837° C to form glass and crystals having indices of refraction 1.89 
max and 1.83 min, but the lines of the X-ray pattern were too obscure 
to be measured. The reverse reaction is comparatively rapid as 
shown by the fact that the compound composition, which at 845° C 
was 85 percent glass and 15 percent the phase of index 1.89 and 1.83, 
reverted to 10 percent glass and 90 percent 4PbO.AI,0;.2Si0, after 
holding it for 47 hours at 830° C. 

The X-ray pattern of 4PbO.AI,0;.2SiO,, crystallized at 740° C (table 
4), indicates a hexagonal cell with a=8.78 A and c=9.48 A. By 
calculation, this cell would contain 2 molecules and have a density 
of 5.2 (H. F. MeMurdie). 

6PbO.AI,03.6Si0,.—This compound melts congruently at 811° C. 
The crystals are prismatic, the indices of refraction are 1.89 max 
and 1.79 min, extinction parallel and elongation negative. The 
limited information regarding its field of primary crystallization is 
indicated by the diagrams (figs. 2, 3, and 4). Phe location of the 
boundary between 6PbO.AI,0;.6SiO.2, and the phase that is primary 
in melts 112 and 113 is only approximate and incomplete. 

The X-ray pattern (table 4) is too complex for analysis (H. F. 
McMurdie). 


4, TERNARY COMPOUNDS OF UNDETERMINED COMPOSITION 


Melt 112 (fig. 2), after having been held for 2 months at 720 +20 °C, 
had crystallized into large, platy crystals of irregular fracture havin 
indices of refraction a1.72, y 1.765, 8 1.728, the character is biaxia 
positive, 2v about 60°. The diffraction data are given in table 4. 
The sample appeared to be one phase and the melting was fairly 
sharp; 760° C for 46 hours produced only sintering, but aie 19 hours 
at 777° C and quenching, the specimen was all glass (table 3). Melt 
112 contained PbO, Al,O;, and SiO,, in the molar ratio of 12:1:20. 
The same crystalline phase was primary in melts 113 and 143. 

Melt 121, however, has a markedly different phase in equilibrium 
at the liquidus. After holding a specimen at 740° +20° C for 3% 
months, it apparently was over 95 percent one crystalline phase tend- 
ing to platy fracture, with indices of refraction a 1.66, y 1.715, 8 1.71, 
ind biaxial negative in character. This melt approximates the molar 
composition 5PbO:A1,03:10SiO,, and the X-ray pattern of the crystal 
phase developed at 740° C is described in table 4. The crystals con- 
tained inclusions of nicely developed quartz. After the same crystal- 
lzing treatment (3.5 months at 740° +20°C), melt 130 was 90 percent 
glass and 10 percent well-developed crystals, which have the same 
optical properties as the crystalline phase in melt 121. 

These two phases, together with 6PbO.A1,0;.6SiO, and the phases 
referred to in the discussion of the 4PbO.A1,0;.2SiO, compound, form a 
fringe along the ‘“‘no man’s land,” which extends at least to the mullite 
and corundum boundaries. According to the information in table 3, 
the phase in melt 128 is present also in melts 201, 204, and 206, indi- 
tating that it may be the primary phase for a considerable portion of 
this superficially investigated region. Also, the results for melt 201 
indicate that it may melt to form mullite and glass. This crystalline 
phase is tabular, has approximate indices of refraction of 1.70 max and 
169 min, and the diffraction data are given in table 4. 
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Some of the difficulties which the explorer of this region may expec; 
to encounter are evidenced by the time required to crystallize eye 
partially melts such as No. 130, the volatilization of PbO when erys. 
tallization is attempted at temperatures in excess of the melting point 
of PbO, and the poor crystal development which often makes jt 
impossible to identify phases petrographically even after 2 or mor 
months of heat treatment. Furthermore, it is highly probable, from 
index of refraction data, that solid solution takes place between 4 
number of the compounds, and that they are (similar to PbO.Al,0,) 
unstable below their true melting point. 


5. COMPOSITIONS AS GLASSES 


Figure 5 presents diagrammatically the information obtained on 
indices of refraction of the melts as glasses. In those compositions 
containing more than about 94 percent of PbO, the crystallization of 
the lead oxide was so rapid that clear glasses were not*produced. All 
the melts appeared to be stable in air and, as is evident from their 
rates of crystallization, the viscosity in the molten state increased 
rapidly with increase in silica and in alumina. 
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Ficure 5.—Index of refraction of compositions as glasses. 
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Taste 5.—Composition, liquidus, and optical properties of established compounds, 
quintuple points, and eulectics in the systems PbO-Al,03 and PbO-Al,0;-SiO, 


COMPOUNDS 





; Composition (wt) 
Crystalline phases in equilibrium Liquidus 
PbO Al,O; Si02 








—_—— 


Percent | Percent | Percent °C 
68. 64 31. 36 


PROG, Soin 8 iS ae TAA leo Shan oon oc Seed ERY Es OO Toecceccnen About >1,000 
Pt base Gcabvensabncucseteannseessunmesahweses 83. 92 4.79 11. 29 b 735 +5 
RED wiidncccockannchacshbnnstinesnecepeeasasaan 80. 08 9. 14 10.77 b 837 
OE RE sin ndencnsnsecakuudteneteasads eile takecssen 74. 34 5. 66 20, 00 811 





QUINTUPLE POINTS, NOT EUTECTICS 
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9PbO.Si02-8PbO.A1203.48i02-4PbO.Al203.28i0¢ __-------.-- 85. 1 2.3 12.6 705 
PbO-8PbO.Al]203.48i02-4P bo. AlgO3.2SiO2. _...-...-..------- 92.9 1.6 5.5 712 
PdO.AlsO2-4PDO.Alg03.28105-7........-- 222s n wwe 85.7 6.8 7.5 837 
PbO.Al2O3-Alg03-?%____- Be a Se xl a ae pay Pee ee ryt > 87.0 10.0 3.0 About 765 
EUTECTICS 
POOP PO Ae casinctienniscvanes piam te tnittieid . ee Sey 94.0 | gh Se 865 
Dee io in le i cc ad Ws ani ins aisle adidas oem ere ae aM 70.7 1.0 29.3 About 725 
PbO.SIO2-2PbO.Si02-6PbO.Al203.6Si02___ Sekusndaccwaees’ 82.6 1.4 16.0 6 
2Pb0.Si02-6PbO.Al203.68i02-4PbO. AlO3.28i09__.-_--_.--_--- 84.6 2.2 13. 2 704 
9PbO.Si02-4PbO.SiO2-8PbO.AI],03.48i09___.__.....----------- 89.8 1.2 9.0 694 
4{Pb0.8i03-PbO-8PbO.A1203.48i02.__._...-.----------------- 93. 1 pa 5.8 695 
PbO-4PbO.A]203.2Si02-PbO.AlsO3___.......----.-------.---- 91.2 5.2 3.6 764 
Compound Optical properties 
POEs 0d, sn cemasieeenndecdivcacenbeehakaaxpe hac Uniaxial negative €1.85, 1.91. 
ig inn oc ba aboe dd nkeanmncneinwsnd Index of refraction max 2.08, min 2.04. 
PP nag chatacdacnnlcapiat onianalesndsestn wees Uniaxial positive €1.94, 1.93. 
anc cakssesréotes \whascbacabaduncsbebacunenn Index of refraction max 1.89, mih 1.79. 








* The composition is estimated. 
bIncongruent melting, 


V. SUMMARY 


A report is given on the phase relations in the systems PbO-A1,O;, 
and PbO-AI,03-Si0,. 

It is reasonably certain that the compound PbO.AI,O, exists, that 
itis unstable at temperatures in excess of about 970° C, that it breaks 
down to form corundum and glass, and that it forms a eutectic with 
PbO (at about 94 percent of PbO) melting at 865° C. 

The fields of corundum and of mullite appear to dominate the 
ternary diagram, with the silica field as a narrow strip extending along 
the PhO-SiO, side of the diagram. Three ternary compounds, and 
10 quintuple points, which include 6 eutectics, were found in composi- 
tions containing over 70 percent of PbO. 

The compound 8PbO.Al],0;.4S:0, melts incongruently at 735° +5° C 
0 form the compound 4PbO.AI,0;.2SiO, and liquid. The latter 
compound melts incongruently at 837° C to form a ternary compound 
of undetermined composition, and liquid. This compound, in turn, 
may break down to form corundum and liquid. The third established 
temary compound is 6PbO.AI,0;.6Si0O., which melts congruently at 
811° ©. The liquidus temperatures of the quintuple points range 
fom 694° to 837° C. Three of the eutectics melt within 1° of 695° C 
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and within 0.2 percent of 1.2 percent of Al,O; in composition; their 
PbO contents are 82.6 percent, 89.8 percent, and 93.1 percent, re- 
spectively. 

A considerable portion of the system remains to be investigated. 
The indications are that at least four more ternary compounds exist 
in addition to those identified. 

In addition to the above, the melting point of Al,O; was redeter- 
mined and found to be 2,035° +10° C, and a chart is presented to 
show the indices of refraction of the various compositions as glasses, 


WASHINGTON, July 19, 1943. 





























U. S. DEPARTMENT OF COMMERCE NATIONAL BurgEAU OF STANDARDS 
RESEARCH PAPER RP1565 


Part of Journal of Research of the National Bureau of Standards, Volume 31, 
November 1943 





COLOR DESIGNATIONS FOR LIGHTS 
By Kenneth L. Kelly ! 





ABSTRACT 


An extension of the ISCC-NBS (Inter-Society Color Council-National Bureau 
of Standards) system of color names for the description of the colors of drugs 
and medicines, has been made for describing the colors of lights. The color 
names consist of hue names, such as red, pink, yellowish green, or purple, with- 
out further modifiers, since they are intended to differentiate lights chiefly accord- 
ing to hue. The hue names are among those used in the ISCC-NBS system and 
carry the same meaning. The chromaticity ranges identified by each of these 
hue names are defined by areas on the ICI chromaticity diagram. Comparisons 
are made between the centers of the proposed hue-name ranges and similar 
values by other authorities, and with the standard colors recognized in various 
specifications for marine, railway, aviation, and traffic signal colors. 
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I. INTRODUCTION 


_The development of the ISCC-NBS (Inter-Society Color Council- 
National Bureau of Standards) system of color names for the descrip- 
tion of the colors of drugs and medicines [1, 2]? suggested to the 
author the possibility of adapting the same system of names to the 
description of colors of other than drugs and medicines. In this 
paper the possibility of applying this system to the colors of self- 
luminous sources is explored in the hope of offering a basis for the 
resolution of the conflicting terminology now used for flares, fluores- 
cent and phosphorescent materials, and signal lights. This system 
could not displace precise specifications in terms of either chromaticity 
coordinates or standard filters such as are used for railway signal 
lights [3], but it is expected to provide color names recognized by the 
general public as appropriate. The spacing of the color-name bound- 
anes is based on that of the ISCC-NBS system [1]; but the shape of 
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' Figures in brackets indicate the literature references at the end of this paper. 
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the boundaries is based on the extensive data collected by the OSA 
subcommittee [4] on the spacing of the Munsell colors. Both spacing 
and shape have been modified in accordance with observations by 
two observers. 


II. GENERAL PLAN 


The suggested system of color names is composed of 19 hue names 
and three names indicating reddish hues of reduced saturation (orange 
pink, pink, and purplish pink). There are, however, no modifiers 
used to designate whether a light is bright or dim or strong, analogous 
to what is done for surface colors, because it is intended that the names 
shall apply to a fairly wide range of intensities and retinal adaptive 
conditions [5]. The changing of the intensity of the source in a source- 
filter combination will in some instances change the hue (the Bezold- 
Briicke [6] phenomenon) of the perceived color sufficiently to require 
the application of another color name, whereas in others the modified 
hue will remain in the same color-name segment. The boundaries 
adopted are intended to define chromaticities to which the names 
apply under the most common conditions of use. 

The designations included in this system are red, reddish orange, 
orange, yellowish orange, yellow, greenish yellow, yellow-green, 
yellowish green, green, bluish green, blue-green, greenish blue, blue, 
purplish blue, bluish purple, purple, reddish purple, red-purple, 
purplish red, purplish pink, pink, and orange pink. All of these are 
names used in the ISCC-NBS system for light colors of surfaces. The 
hue names (such as brown or olive) used for dark colors of surfaces are 
not appropriate for self-luminous sources. 

The ISCC—NBS hue-name boundaries are specified in terms of the 
standards in the Munsell Book of Color [7], and it was therefore 
decided to base the hue-name boundaries of the proposed system on a 
study of the high-chroma Munsell samples in an attempt to make each 
of the proposed hue-name ranges include the same range of hue as for 
the surface color names. It was soon found that even the strongest 
Munsell samples would not extend these boundaries far into the region 
on the ICI diagram representing the lights to be designated. Recourse 
was then had to the constant-hue loci given in the final report [4] of 
the OSA subcommittee on the spacing of the Munsell colors based on 
the data contained in the recent paper by Kelly, Gibson, and Nicker- 
son [8]. These curves are based on the Munsell standards and are 
extrapolated out to the spectrum locus by smooth curves. The 
minimum and maximum saturation boundaries of the pinks were also 
determined with the aid of the Munsell standards. 


III. EXPERIMENTAL CHECKS 


The locations of the several hue-name boundaries on the ICI 
chromaticity diagram were checked by two independent series of 
observations. The first check consisted in observing a series of light 
filters available at the National Bureau of Standards in connection 
with the specification of various signal colors. The colorimetric 
specifications of these filters were known in combination with a source 
at 2,842° K. From these specifications the designation was found 
for each source-filter combination, and the observer judged whether 
the designation was appropriate to the light transmitted by the filter 
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jluminated by a source at approximately this color temperature. 
Boundaries in the blue and purple region, some in the red, and several 
esewhere were adjusted to accord with these judgments. Light filters 
were not, however, available for all portions of the diagram, and 
certain of the boundaries remained unchecked by this method. 

The colorimetric specifications of the Lovibond glasses [9] for a 
source of color-temperature 2,842° K are being computed at the 
Bureau, and the specifications of sufficient combinations of these glass 
filters have been completed to yield a preliminary network indicating 
approximately the chromaticities of these glasses and their combina- 
tions on the ICI chromaticity diagram. From this network it is now 
possible to determine with sufficient accuracy which glass or set of 
glasses wil, in combination with a source at 2,842° K, give a colored 
light whose colorimetric specification will plot at a specified point on 
the hue-name diagram. In the second check, a number of these 
combinations were viewed in a darkened room and judgments were 
made by two observers (KLK, DBJ *) as to which of the hue names 
listed above was the most appropriate. In this manner it was possible 
to check most of the boundaries throughout their length and to obtain 
sufficient points on the other boundaries so that they could be drawn 
with fair accuracy. ‘Through the use of the Lovibond glasses it was 
possible to extend these constant-hue lines far beyond the strongest 
Munsell samples.* 


IV. DEFINITION OF THE DESIGNATIONS ON THE 
CHROMATICITY DIAGRAM 


The chromaticity ranges identified by each of the color names for 
lights are defined by areas on the ICI chromaticity diagram [10], see 
figure 1. The constant-hue boundaries, if extended, would pass 
through the point representing ICI standard illuminant C, which is 
approximately in the center of the diagram. Around this point, cor- 
responding to daylight surface colors of low saturation, is a region 
within which no color names have been assigned in this system. 
Bounding this region is a line representing the weakest colors that will 
receive a color name, and between this minimum line and the spectrum 
locus are the areas to which are assigned the color names offered in 
this paper. The region called orange pink, pink, and purplish pink 
lies between the central region and the purple, red, and orange 
segments. 


V. DISCUSSION 


It must be remembered that the determination of the hue-name 
boundaries, which are constant-hue curves, does not constitute a re- 
determination of the psychologically unitary colors, or ‘Urfarben”’, 
described by Dimmick [11, 13], since the boundaries describe the 
colors that appear to fall equally between two named hues, for ex- 
ample, between red and reddish orange. However, it is possible to 
‘timate from these limits the dominant wavelengths of the chro- 
maticities of maximum purity corresponding to the unitary hues, and 
* Deane B. Judd, National Bureau of Standards, Washington, D. C. 


‘The points so determined and the lines connecting them have been accepted by the OSA subcommittee 
and are included in their final report [4]. 
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these values are shown in table 1, together with values previously 
reported by various authortities [11, 12, 13] arranged in chronological 
order. Many of the authorities quoted find unitary red among the 
spectrum colors but the most careful recent determination finds ll 
spectrum reds to be slightly yellowish, and unitary red must for this 
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FicurE 1.—Suggested definitions of color designations for self-luminous sources, 


The chromaticities for each designation are indicated on the chromaticity diagram of the standard ICI 
coordinate system for colorimetry [10]. Spectrum chromaticities are also shown, the wavelengths being 
indicated in millimicrons. 


determination be specified by the complementary wavelength. So 
that this recent determination may be compared to the previous de- 
terminations and an average computed, complementary wavelengths 
are given in table 1 in parentheses following the values of dominant 
wavelengths. The averages of the wavelengths for the unitary hues 
are equally weighted arithmetical means. 


-Dominant wavelengths (millimicrons) corresponding to various hues 
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These averages of wavelengths for the various hues also are com- 














pared in table 1 with the wavelengths corresponding to the centers of as 
the proposed hue ranges at the edges of the diagram (fig. 1). It will Be 
be noted that the agreement for red, yellow, yellow-green, green, and fai 
blue is good, but that for reddish orange, orange, and yellowish orange ang 
somewhat inferior. Only four values have been previously reported 8 
for violet and none for the purples; so it is impossible to make an y 
; ; . ; : y ber 
comparisons with these data in the purplish blue to red region. From 
the wavelengths reported, blue-violet and violet fall between the ple 
enters of the suggested purplish blue and bluish purple areas. Ex. @ °” 
; ; on 
rt for yellowish orange, the suggested system gives wavelengths @ °2" 
intermediate to those reported by the various authorities for the cor- sae 
responding hues. we 
In table 2 the chromaticity ranges of these proposed color designa- 
tions are compared with those defined in the standard specifications ne 
for the several marine [14], traffic [15], railroad [3], and aviation [16] ris 
signal-light colors. The colors of lights permitted by the specifica- 9 
tions are grouped in table 2 according to hue, and opposite them in the 
next column are given the corresponding proposed color designation 
or designations. It will be noted, for example, that ANC [16] (Army, 13 
Navy, Civil Aeronautics Administration) aviation red includes not @ 
only chromaticities described here as red, but also some described as J 9) 3 
reddish orange. This is correct, since the orange limit of aviation 
red is the color of light from a neon discharge tube, which is reddish @ 3) / 
orange. ANC identification yellow is quite reddish so as to be dis- 4] § 
tinguishable from the color of the incandescent lamp (which is often 
called “‘white’’). Because of its reddish hue, the name orange might 
be more appropriate than yellow to describe the color of this signal. § !5! J 
The color designation “‘amber’’ has sometimes been used for yellow (6] I 
signal colors. The railroad, marine, and traffic signal-green chromatic- 
ity ranges have been purposely inclined toward bluish green so as § [7] \ 
to be distinguishable from yellow and red signal lights by a red- 8) K 
green-blind observer; the name bluish green is quite suited to part of . 
this range. Although the standard specifications for railroad signal 
blue and aviation blue spread into the bluish purple area, the lights ac- 
tually used would be called by this system either blue or purplish blue. § !) K 
TABLE 2.—Comparison of formal color specifications with the proposed color names 10) P 
Color specification Color name in proposed system Remarks . 
Marine and traffic signal red... "ME TEL, SAAS te 11} Fo 
Ree A ha ee ee eee Oe 
Railroad highway crossing red_..| Red and reddish orange. -.....----- 12] H 
Pa ee ni TE ie. REE OE a Neon light is one limit and would W 
ANC identification red........-- MeN arna toad echeteceeeete be called reddish orange. hg 
Marine and traffic signal yellow_| Yellowish orange and orange ..---- 0 
Railroad signal yellow_.._......- lle i tc Re at ater De eee * 
ANC aviation yellow___......... Yellowish orange and orange.--.-- H, 
ANC identification yellow-_--...- Reddish orange and orange------..- far 
Marine and traffic signal green..| Green and bluish green...........- Colorblind see thir as nearly neutral. 1 
Railroad signal greem...........- Bs a el RS. 2 ERR ROI . a 
ANC aviation green............. Yellowish green, green, and bluish g 
green, 
ANC identification green........ Yellowish green and green.......-- i 
Railroad signal blue_..........-- pes, purplish blue, and bluish | Actual signals are either blue or 4 
ANC aviation blue.............. purple. purplish blue. E,. 
Railroad signal purple........._- Parplish blue, bluish purple, and | Railroad signal purple is not used L 
purple. as a chromaticity term in the Z 
usual sense but designates 4 R 
spectral composition separated oa 
into red and blue components nia 
by the chromatic aberration of 55: 
the eye. 
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Thus from the tables, the agreement of these data both with the 
previously reported data for unitary and other hues and with the 
names used in the standard specifications, although not perfect, is 
fairly good. It must be remembered in this connection that the 
suggested system embodies a greater number of color names than were 
used in previous studies of signal-light color systems, such as those 
by MeNicholas [17] and Holmes [5]. In those studies a limited num- 
ber of color names was allowed, and each name therefore applied to 
a wide range of hue. These ranges were selected for maximum visual 
contrast between adjacent named color ranges, and they apply to 


names applied to the ranges, however, are somewhat arbitrary and 
not necessarily true descriptions of the color ranges selected. The 
suggested system, on the other hand, is intended to provide appro- 
priate color names for the colors of all self-luminous bodies. How- 
ever, considerable work remains to be done before the diagram defining 
these color designations can be recommended in final form. 
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IRON AS A TANNING AGENT 
By Joseph R. Kanagy and Ruth A. Kronstadt 





ABSTRACT 


Lactic, citric, hydroxyacetic, and gluconic acids were found satisfactory for 
stabilizing iron solutions to be used for tanning leather. The influence of pH 
and concentration on the combination of iron (Fe,0;) with standard hide powder 
was investigated. The maximum fixation of 23 to 25 percent of ferric oxide 
occurs in the pH range 3.5 to 4.0. Practical tanning experiments were made with 
goat- and calf-skins. The shrinkage temperatures of the iron-tanned leathers are 
lower than those of well-tanned chrome leathers. The results of accelerated aging 
tests indicate that all of the iron-tanned leathers tested had at least fair aging 
qualities except where gluconic acid was used, The use of iron salts fot replacing 
those of chromium in the tanning of leather shows most promise where citric acid 
is used for stabilizing the solutions. 
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I. INTRODUCTION 


This report gives the results of a study of the use of iron salts for 
tanning light leathers used in the manufacture of shoes and garments 
for military and civilian use. The investigation includes a study of 
the properties of the iron tanning solutions, an improved method for 
tanning the leather, and a determination of the resistance of the leather 
to an accelerated aging test. This test was developed recently and 
consists in heating the leathers at 100° C. in the presence of moisture. 

The investigation was undertaken at this time of national emergency 
because of the shortage in the domestic supply of tanning materials. 
The effect of this shortage is intensified by the demands of industries 
other than the leather industry, on material which is used in tanning. 
This is well illustrated in the case of chromium, which has extremely 
important uses in the manufacture of metal alloys for war industries 
and in the case of phenols, used for synthetic tanning materials, which 


x hecessary to produce an increasing amount of synthetic resins and 
plastics, 
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The possible replacement of chromium by iron in tanning is show 
by the results of past investigations. There are plentiful domes 
supplies of iron. These facts suggested advantages to be gained } 
further studies in tanning with iron. The results given in this repor 
show considerable promise for the use of iron salts in place of thos 
of chromium in leather manufacture. 

Literature references and a discussion of the work of others on th 
use of iron salts for tanning are included as a guide for those wh 
may wish to review previous work. Tests of the properties of the iro 
tanning solutions are described. Experimental data are given 0 


these tests and also on those applied to prepared leathers, of br 
II. REVIEW OF PREVIOUS WORK ¥ 
As early as the eighteenth century, attempts were made to develogit glum 


methods of tanning with iron salts. A history of iron tanning ; 
given in a book by J. Jettmar [1].!_ The first recorded patent on iro 
tanning was that taken out by Johnson, an Englishman, in 177) 


Twenty-four years later another English patent was given to Ashton Fr 
The ferric salt was prepared either by dissolving iron oxide in acetif shoy 
acid or by oxidizing ferrous sulfate. Hermbstadt in 1805 studiedfil vith 
Ashton’s patent and found that the best tannage resulted from th prod 


use of iron oxide in acetic acid. This fact is interesting in the ligh 
of our present knowledge of the formation of complex ions of organi 
acids with iron salts. 

In 1842 Jules Bordier took out an English patent involving th 
use of basic ferric sulfate prepared by the treatment of a solution 0 
ferrous sulfate with manganese dioxide or nitric acid, followed 
the addition of ferric oxide. Knapp obtained a number of patent 
on iron tanning, but the use of his methods has failed to produc 
good leathers. The leather produced was brittle and deteriorate 
quite rapidly with age. He [2] mentioned also that while the tannin 
properties of iron were well known, no one as yet had produced 
serviceable leather with iron salts. 

Several explanations were given for the failures ‘> produce success 
ful iron tannages. Procter [3] suggested that the iron salts wer 
oxygen carriers, and acted as oxidation catalysts to destroy th 
leather. Casaburi [4] believed that the poor results obtained wit 
iron tannages were due to the failure to remove uncombined ferri 
salts from the leather. He obtained a complete tannage with 
67-percent acid ferric sulfate, and a less satisfactory result whe 
some ferric chloride was present. With basic ferric chloride th 
skins became swollen and gelatinized. A better result obtained wit 
basic ferric sulfate may have been due to the fact that it permits les 


swelling of the skin. A; 

Jettmar [5] found the greatest difficulty in iron tanning to be ti taine 
proper neutralization of the acid formed in the leatier. For com sbow 
parison, if chrome leather contains too high a proportion of sulfur of th 
acid, it becomes very brittle on drying and assumes a dark-gree Th 
color. The proper degree of neutralization for chrome leather @ lactic 
easy to achieve, since chromium hydroxide does not precipitate at #70, a 
low pH value. In neutralizing iron-tanned leather, however, J¢t Th 
mar found that the iron salts were colloidally dispersed and we Sta 


washed ot of the leather. 


1 Numbers in brackets indicate the literature references at end of this paper. 
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Jackson and Hou [6] made an extended study of the various factors 
involved in the iron tanning of sheep skins, including the best method 
of oxidizing ferrous to ferric salts and the relation of basicity or 
acidity of the ferric salt to its stability and tanning properties. ‘They 
prepared an iron-tanned leather which they were convinced com- 
ared favorably with other mineral-tanned leathers. It would not 
sand the boiling test, but shrank in water at temperatures greater 
than 75° C. They claimed that the chief cause of brittleness in iron- 
taned leather was not the oxidizing action of the ferric salts, but 
rather an improper method of tanning, resulting in the precipitation 
of hydrated ferric oxide. 

Thomas and Kelly [7] made a theoretical study of the factors 
involved in iron tanning, applying principles such as those used in 
alum and chrome tanning. They studied the effect of basicity on 
the amount of iron fixed by hide substance at different concentrations 
for different lengths of time. The influence of the neutral salts, 
sdium chloride and sodium sulfate were also considered. 

From our present-day knowledge it is not expected that any of the 
above methods could be successful in preparing a satisfactory leather 
with fair aging characteristics, because the pH of the leather they 
produce is too low. The difficulty which was most likely encountered 
oy the investigators was the precipitation of the iron salt on neutrali- 
sation. Jettmar [5] was probably the first to attempt to make the 
ion solutions more stable by adding a strong solution of a neutral 
alt. Reinich in 1892 [4] suggested the addition of salt to iron chlo- 
ride and afterward (1912) used an iron tanning solution made with 
ion chloride, magnesium carbonate, and aluminum chloride. 

A number of [8] patents have been issued in which polycarboxylic 
acids, hydroxy acids, and amino acids are used to stabilize the iron 
slutions by complex ion formation. Other patents [9] cover the use 
of phosphates of aluminum, chrome and iron, albuminous substances, 
sich as protalbumic acid and urea, and substitution products of 
ammonia, 

Casaburi followed his use of ferric acetate with that of organic 
acids, He made extensive studies [10, 11, 12] with citric and tartaric 
acids and claimed the preparation of an iron-tanned leather with 
atric acid which withstood the boiling test. 

The success of other investigators, although somewhat limited, 
showed the likelihood that better methods for tanning with iron could 
bedeveloped. It suggested in a large part the course of the present 
investigation, 


III. MATERIALS 


A reagent grade ferric sulfate Fe,(SO,)s<H,O was used. It con- 
lined approximately 29.5 percent of iron determined as Fe,O; and 
about 56.6 percent of sulfate calculated as H,SO,. The composition 
of the batches of materials varied slightly. 

The acetic and citric acids used were chemically pure grades. The 
lactic, hydroxyacetic, and gluconic acids were technical grades of 85, 
0, and 50-percent strength, respectively. 

The sodium carbonate was an anhydrous chemically pure material. 

Standard hide powder prepared according to the specifications of the 
American Leather Chemists Association was ground to pass through a 
“iim sieve in a Wiley mill and used in the fixation experiments. 
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IV. RESULTS AND DISCUSSION 
1. STUDIES OF THE IRON TANNING SOLUTIONS 


Ferric hydroxide will be precipitated from solutions of ferric sulfate 
if a base such as sodium hydroxide or sodium carbonate is added, at 
pH of about 2.5. Ferric hydroxide cannot be used for tanning. If 
however, an organic acid is added to prevent this precipitation, the 
resulting solution can be used satisfactorily. The amount of the 
organic acid required to stabilize the solutions or prevent the precipi- 
tation of ferric hydroxide was determined by varying the concentra. 
tion of the acid in increments of 0.05 and 0.1 of a mole per 1,000 ml 
of solution. 

Tanning solutions were prepared by dissolving 40 g of the reagent 
grade ferric sulfate and the different amounts of the organic acid in 
1,000 ml of solution. One-hundred-milliliter portions of the solu- 
tions were treated with different amounts of a 5-percent solution of 
sodium carbonate and made up to 200 ml. The resulting pH values 
were within the range 1.5 to 6.0. 

It was considered that a sufficient quantity of the organic acid had 
been added if a slight precipitate of ferric hydroxide remained after 
48 hours. The absence of a precipitate usually meant that more than 
the necessary amount of acid had been added, whereas the presence of 
a large precipitate obviously meant that too little had been added. 
By this method the amount of acetic, lactic, citric, hydroxy-acetic, or 
gluconic acid required to stabilize the tanning solutions were deter- 
mined and are recorded in table 1. Citric acid is required in the low- 
est concentration of all the acids listed, whereas acetic is required in 
the highest concentration. 


TABLE 1.—Amounts of organic acids required to stabilize the iron tanning solutions 
at all pH values in the range 2 to 6 




















| Acid per 40 g of DR a 
Acid | Fe2(SO«)3 z.H20 in | ¢ —, 
| ! 1,000 m1 of solution | 
| 
Grams | Moles/liter 
et elegant oe 60 1.0 
ES TS. 1 oe. 9 0.1 
ea See 6.4 . 033 
Hydroxyacetic.-_.........--- 15.2 | By 
Giuconic. ...._- wenn bbagiiits 19. 6 | v1 





The tanning properties of the solutions prepared in this way were 
determined by placing in them small pieces of steer hide, which 
were later examined for tannage. Steer hide was used so that the 
rate of penetration of the iron salt into the skin could be observed. 
The degree of tanning found by visual inspection indicated that the 
optimum pH range for tanning was 2.5 to 4.5. Some vanning actiol 
occurred throughout the range 1.75 to 5.5. Above or below these 
limits the hide remained soft and flabby, little combination having 
occurred. The addition of too much of the organic acid will prevel! 
complete tanning action at any pH. 

The changes in the pH on storage of the tanning solutions prepar 
in this way were determined. These experiments are analogous ' 
others that have been applied to chrome tanning solutions. Iron tal! 


ta 
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ning solutions containing 8 g of ferric sulfate and different amou? 














Changes in the pH of the tron tanning solutions with tume of storage 
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of the organic acid in 100 ml were treated with varying amounts of 
sodium carbonate or sodium hydroxide and made up to 200 ml. The 
pH values of these solutions were determined immediately after prep- 
aration and after 24 and 48 hours of storage. The acidity of most of 
the solutions increased slightly on aging. Little change was noted 
after 24 hours. The results are shown in table 2. 

A range of minimum stability of the tanning solutions containing 
an organic acid is shown at about pH 3 to 4.5. This is observed in the 
presence of the smaller concentrations of the organic acids if either 
sodium hydroxide or sodium carbonate is added. The solutions are 
stable at pH values above 4.5 or below 3, a behavior-which resembles 
that of an amphoteric compound. This range becomes narrower on 
increasing the concentration of the organic acid and disappears en- 
tirely if sufficient acid is added. Results illustrating observations 
on gluconic acid are given in table 3. 


TABLE 3.—Ferric hydroxide, expressed as ferric oxide, precipitated from iron tan- 
ning solutions at various pH values obtained by the addition of different amounts of 
sodium carbonate or sodium hydroxide. 


The iron tanning solutions contained 40 g of ferric sulfate [Feo (SO4)3 H20) and the noted amounts of glu- 
conic acid in 1,000 ml of solution 














| | 
0.05 mole of gluconic || 0.075 mole of gluconic || 0.075 mole of gluconic 
acidand Na:COs; || acidandNarCOs; || acidandNaOH | 
pH FeO: || pH | Fes || pH | Fe10s 
1| | | 
| 
g g } g 
1.5 0 1.5 0 | 7 0 
27 . 04 2.6 0 2.5 0 
3.3 1.04 2.8 0. 48 3.4 0. 84 
4.6 2. 40 4.0 1, 24 | 4.0 . 06 
5.8 1.16 5.7 0 5.3 0 
6.3 0. 26 6.0 0 | 10.3 0 




















The tanning solutions were also studied by means of electrometric 
titration curves. Fifty-milliliter aliquots of solutions containing 40 
g of ferric sulfate in 1,000 ml or this concentration of ferric sulfate and 
a definite amount of the organic acid in 1,000 ml were titrated with 
1.0 N sodium carbonate solution. 

The titration curves for the experimental iron tanning solutions, 
and for solutions of the separate constituents are given in figure 1. 
The titration curve for sulfuric acid solution equal in sulfate ion 
content to that of the tanning solutions is also shown. 
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MILLILITERS 1ON SODIUM CARBONATE 
FIGURE 1.—Comparison of the titration curves. 


‘he curves represent the materials at tne following concentrations: 40 g of ferric sulfate in 1,000 ml; 40 g-of 
ferric sulfate and 10.6 g of technical lactic acid (0.1!) in 1,000 ml; 40 g of ferric sulfate and 21.2 g of tech- 
nical lactic acid (0.2M) in 1,000 ml; 40 g of ferric sulfate and 6.4 g of citric acid (0.033.M) in 1,000 ml; 40 g of 
ferric sulfate and 12.8 g of citric acid (0.066.M) in 1,000 ml; 10.6 g of technical lactic acid (0.14) in 1,000 ml; 
6.4 g of citric acid (0.033!) in 1,000 ml; 22.5 g of sulfuric acid (0.46N) in 1,000 ml. 


The addition of lactic or citric acid apparently increases the amount 
of highly ionized acid in the solutions, for, as the concentrations of 
these acids are increased, the curves approach more nearly that of the 
sulfuric acid. The citric acid is more effective in this respect than the 
lactic acid. The curve for the ferric sulfate alone has a slope of zero 
at a pH of about 2.8. At this pH the iron is completely precipitated. 
This does not occur in the other solutions, where the iron is not 
completely precipitated. 

A probable explanation of the increase in the amount of titratable 
acid in the regions of pH less than 3 can be given on the basis of a 
change in the hydrolysis equilibrium of the ferric sulfate solution 
through the formation of a complex ion. This equilibrium may be 
represented by the following equations where La represents lactic acid: 


Fe,(SO,)3-+2H,0 = 2FeOH SO,+2H*. (1) 
FeOH SO,+H La= (FeLa)t+SO,+H,0. (2) 


Equation 1 represents a partial hydrolysis of the ferric sulfate to 
form a basic salt and hydrogen ions. The FeOH SO, is unstable and 
slowly hydrolyzes further to form ferric hydroxide which is precipi- 
tated. It can then be assumed that the addition of an organic acid, 
such as lactic (La), will form a complex ion [FeLa]**, which is soluble 
(eq 2), and the reaction represented by equation 1 will be driven 
further to the right and more hydrogen ions will be formed. This 
would explain the increase in hydrogen-ion concentration shown by 
the titration curves. 

The addition of too much of the organic acid will decrease the 
tanning action at low pH values because reaction (2) will be shifted 
to the right, and little of the iron salt will be left in the form FeOH SO,, 
which is assumed to be the active tanning agent. The formation of a 
complex ion that results in an increase in acidity also gives a probable 
a arcane for the increase in hydrogen-ion concentration of the 
solutions on storage, as shown by the results in table 2. 











286 Journal of Research of the National Bureau of Standards 


The minimum stability of the tanning solutions between pH 3 
and 4 may be explained by assuming that at pH values lower than 4, 
the iron 1s present as a cation. Above this pH an anion may be 
formed by the reaction of the [FeLa]** ion with some of the sodium 
lactate to form Na Fe(La),. The iron therefore passes through a 
transition state which is also the pH region of minimum stability. 
The Fe(La)~, ion, present in greater amounts as the pH value js 
increased above 4, is quite soluble and has no tanning effect. 


2. EFFECT OF pH ON THE FIXATION OF IRON (Fe:0;) 
BY HIDE POWDER 


The effect of pH on the fixation of iron by hide powder is shown in 
figure 2. These results were obtained by shaking 4 g of the powder 
for 4 hours in a bottle containing 24 g of ferric sulfate and 6.3 g of 
lactic acid or 3.9 g citric acid in 600 ml of the solution. The pH was 
varied by the addition of sodium carbonate. The concentration of 
ferric sulfate selected was that which gave maximum fixation in 
simultaneous experiments reported in section IV, 3, where the effect 
of concentration on the fixation of iron by hide powder is reported. 


FERRIC SULFATES 
O.1M LACTIC ACID 


FERRIC SULFATE 
Q033™ 
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FicurE 2.—Variation of the percentage of iron determined as ferric oxide fixed by 
hide powder, with change in pH of the tanning solutions. 


Maximum fixation occurs in the pH range 3.5 to 4.25, where the 
basicity” varies from approximately 0.66 at 3 to 1.0 at 4. The greatest 
amounts of ferric oxide combined in this region vary from 23 to 25 
percent, which is 3 times greater than the results obtained by Thomas 
and Kelly [7], who made studies at basicities less than 0.33. The 
smallest amounts of ferric oxide combine at pH 1 and again at pH 7. 
The results at pH 1 may be attributed to low basicity. The lov 
results at pH 7 are possibly due to the formation of a eomplex ion 
that has little tanning action. Similar results were observed when 
sodium oxalate, which also forms complex ions, was added to chrome 
liquors [13]. 








2 In leather chemistry the term “‘basicity”’ is used to express the ratio of the equivalents of base to equiva: 
lents of the metallic tanning element. In this case, it is the ratio of equivalents of sodium carbonate to te 
equivalents of iron. 
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3. EFFECT OF CONCENTRATIONS ON THE FIXATION OF IRON 
(Fe,0;) BY HIDE POWDER 


The results of the studies on the effect of concentration on the fix- 
ation of iron by hide powder are shown in figure 3. In these studies, 
4g of the powder was shaken for 4 hours in a bottle containing 4 to 
36g of the reagent grade ferric sulfate and 1.06 g of the technical 
grade lactic acid or 0.64 g of citric acid for each 4 g of ferric sulfate in 
600 ml of solution at a pH of 3.5 to 4.25. The pH values of the so- 
lutions were adjusted with sodium carbonate. The pH range for the 
determinations was selected from a simultaneous study on the effect 
of pH on the fixation of iron by hide substance (see this section, 
part 2). 
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FicurE 3.—Variation of the percentage of iron determined as ferric oxide fixed 
by hide powder at pH 3.5 to 4.25, with change in concentration of the tanning 
solutions. 


0.265 g of lactic acid or 0.16 g of citric acid was added for each gram of ferric sulfate (Fe2(SO4)sX H20) 


Slightly higher percentages of ferric oxide are fixed by hide powder 
in the presence of lactic acid than in the presence of citric acid. These 
percentages show a tendency to decrease at the highest concentrations 
of ferric sulfate. 

The curve representing the effect of ferric sulfate alone is presented 
to show that increased amounts of iron may be fixed in solutions hav- 
ing higher pH values if precipitation of ferric hydroxide is prevented 
by the addition of an organic acid. This solution of ferric sulfate 
prior to being used for tanning was adjusted to the point where a 
slight precipitate failed to dissolve on mixing. The pH was approxi- 
mately 2.2 and the basicity 0.125. 


4. TANNING EXPERIMENTS 


Tanning experiments were made with pickled goatskins and one 
calfskin. The experiments were usually made with half of a skin, 
the wet pickled weight being about 300 g. This was drummed in 6 
liters of a 5-percent solution of sodium chloride for 24 hours. To this 
was added 120 g of ferric sulfate and the amounts of the organic acid 
indicated in table 1 for each 40 g of the ferric sulfate, except in the 
case of citric acid, where 9.6 g was used. Sufficient anhydrous sodium 
carbonate, usually about 50 g, was then added to bring the pH to ap- 
proximately 2.5. 
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The drum was rotated for about 6 hours, and then the solutions 
were made more basic by the addition of sodium carbonate. The 
hide remained in the solution in the drum overnight, and the next 
day the solutions were brought to a pH of 3.75 to 4 by the addition 
of more sodium carbonate. After drumming for about 6 hours 
longer, the hide was washed thoroughly. It was then fat-liquored! 
with a mixture of sulfonated castor oil, sulfonated neat’s-foot oil, 
and neat’s-foot oil in the proportions of 15, 35, and 50 percent, re- 
spectively. The amount of fat liquor used was 5 percent of the wet 
pickled weight. The hide was then tacked on a board and dried. 
It was then removed from the board, sammied,* and staked.® 


5. PROPERTIES OF THE LEATHERS 


The leathers produced were light yellow to brown in color. The 
lightest colors were produced when gluconic and citric acids were 
used. On normal exposure to light the colors changed to deep brown. 
A sample dyed black with a direct dye (Pontamine black EX, Color 
Index 581) showed good fastness to light. The leathers were very 
flexible and seemed to be of good quality. 

The chemical analyses, original tensile strengths, shrinkage tem- 
peratures, losses in tensile strength on aging, and pH of a water ex- 
tract of the leather are shown in table 4. All the samples except 
No. 21, which was a calfskin, were goatskins. Eighty-five to ninety- 
nine percent of the ash was composed of Fe,03. These percentages 
of ferric oxide are higher than the corresponding values for chromic 
oxide in well-tanned leather. The shrinkage temperatures of the 
iron-tanned leathers are low in comparison to those of chrome leathers. 
The calfskin leather gave the highest value for shrinkage temperature. 
However, this leather was thicker than the goatskin leathers, which 
may have had some influence on the result. 


TABLE 4.—Analysis of the iron-tanned leather and the results of the accelerated aging 






































tests 
Shrink- F 
| , ss Loss in 
: — | Hide : age | Original afin 
a. 0 a | sub- | Grease| Ash rg pH tem- | tensile Be ve h 
? | stance " per- | strength on aging 
ature dled 
PS PRS | ee ar Ta ROTTS Pr eee Ble es Poe cry 
| | % % % % °C lb./in2 , ae 
errr st | Cee cree 59.9 5.9 11.7 7 3.3 80 1, 850 20.5 
, eee | Lactic | 57.3 4.7 19.5 9.2 3.7 74 1, 640 37.2 
4. Citrie._...._. | 68.5 1.0 15.4 9.6 3.9 84 2, 165 11.8 
eae. [tgget* in oat cans 61.5 1.3 13.8 9.3 4.8 80 2, 925 19.7 
] 
» ES: SEE Oe | 5.2] 7.7] 134] 70] 34 76| 2,850 18.8 
ll cane See eae: 60.2 5.7 12.0 9.1 3.6 84 3, 620 2 
12_. babel ii pdvoxyanctio oof 54.1 9.0 15.4 7.9 3.6 75 8, 875 35. 2 
_: gn 2 “7 59.0 6.7 10.4 7.6 4.6 77 4, 895 31.3 
| Bo ee ee eae. SST SO 7.1 45| 80 4, 425 31.2 
eS be Gluconic_..._.._-- 55.7 11.6 14.5 10.4 oY eee 2, 905 0. 1 
Ae ashen | do : 55.5 12.7 7.6 10.7 3.4 77 3, 695 44 
ara Lain SPS eat 48.9 4.7 12.5 12.4 3.0 90 2, 980 55.2 
1 Dyed black. 
2 Calfskins. 


3 Treated with an oil-water emuision, from which oil is absorbed by the tanned hide. 
4 Treated to increase its moisture content by slow absorption from damp sawdust or from a similar 
material. 
5 Stretched by pulling it over the edge of a board or similar device. 
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The best iron-tanned leathers were exposed to accelerated aging 
conditions. Six control and six tensile-strength test specimens were 
cut from each sample of leather. Each control was cut adjacent to a 
test specimen. After the samples had been conditioned at 70° F and 
65-percent relative humidity for 48 hours, they were placed in an 
exposure chamber maintained at 100°+2° C. Air saturated with 
moisture at 45° C was passed over the samples at a rate of 8 to 12 
ml per minute. The air saturated at this temperature contained 
sufficient moisture to give a relative humidity of 9 to 11 percent in 
the chamber at 100° C, 

The specimens were heated under these conditions for 7 days. 
They were then reconditioned at 70° F and 65-percent relative 
humidity and tested with the control samples which had remained in 
the conditioning room under the same conditions. The percentage 
loss in tensile strength of the aged samples was calculated from the 
difference between their average tensile strength and that of the 
control samples. The results are shown in table 4. 

It is considered, from previous experience, that leather showing 
no more than a 20-percent loss in tensile strength has good resistance 
to aging; above 20 percent but no more than 35 percent is considered 
fair. 
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MATHEMATICAL TABLES 


Attention is invited to a series of publications “9 age by the Project for the 
Computation of Mathematical Tables conducted by the Federal Works Agency, 
Work Projects Administration for the City of New York, under the sponsorshi 
of the National Bureau of Standards. The tables which have been made unk 
able through the National Bureau of Standards are listed below. 

There is included in this list a publication on the hypergeometric and Legendre 
functions (MT15), prepared by the Bureau. 


MT1. Taste OF THE Pinst Ten Powers or THe Inrecsrs From 1 To 1000: 
(1938) VIII+-80 pages; heavy paper cover. Out of print. 


T2. TABLEs OF THE ExpongnTIAL FuNcrTION e?. 
The ranges and intervals of the argument and the number of decimal places in the entries 


are given below: 
Range of x Interval of x Decimals given 
—2. 5000 to 1.0000 0. 0001 18 
1.0000 to 2. 5000 - 0001 15 
2.500 to 5.000 - 001 15 
5.00 to 10.00 -01 12 


(1939) XV-+-535 pages; bound in buckram, $2.00, 


MT3. Tastes or CircuLarR AND Hypersotic Sines AND Cosines FoR RADIAN ARGUMENTS: 


Contains 9 decimal place values of sin x, cos x, sinh x and cosh x for x (in radians) ranging from 
0 to 2 at intervals of 0.0001. 
(1939) XVII+-405 pages; bound in buckram, $2.00. 
MT4. Tapes or Snves AND Costes ror RADIAN ARGUMENTS! 


Contains 8 decimal place values of sines and cosines for radian arguments ranging from 0 to 35 
at intervals of 0.001. 
(1940) XXIX-++ 275 pages; bound in buckram, $2.00. 
\/MT5. Tasres or Snve, Costnz, AND ExPoneNnTiIAL InteGRAts, Votume I: 
Values of these functions to 9 places of decimals from 0 to 2 at intervals of 0.0001. 
(1940) XX VI+- 444 pages; bound in buckram, $2.00. 


MT6. Taszes or Sine, Cosme, AND Exponentiat Intecrazs, Votume II; 


Values of these functions to 9, 10, or 11 significant figures from 0 to 10 at intervals of 0.001, 
with auxiliary tables. 
(1940) XXXVII+-225 pages; bound in buckram, $2.00, 


/MT?. Tasta or NATURAL Locaritums, Votume I: 
Logarithms of the integers from 1 to 50,000 to 16 places of decimals. 
(1941) XVIII+-501 pages; bound in buckram, $2.00. 
MT8. Tastes or Prosasiuty Functions, Vouume I: 


Values of these functions to 15 places of decimals from 0 to 1 at intervals of 0.0001 and from 
1 to 5.6 at intervals of 0.001. 
(1941) XXVIII+4-302 pages; bound in buckram, $2.00. 


{Continued on p. 4 of cover} 








{Continued from p. 3 of cover} 


Aan. Tasie or Naturat Looartrums, Votume I: 
Logarithms of the integers from 50,000 to 100,000 to 16 places of decimals, 
(1941) XVIII+ 501 pages; bound in buckram, $2.00. 

MT10. Taste or Natura Locartrums, Votume III: 

Logarithms of the decimal numbers from 0.0001 to 5.0000, to 16 places of decimals, 
(1941) XVIII+501 pages; bound in buckram, $2.00. 

|/MT1 1. Tasies or THR Moments or Inertia AND Section Moputt or Orvinary Anozes, Cuay 

NEL8, AND Bucs Anoies Witn Certain Plate ComsBtnarTions: 

(1941) XIII+-197 pages; bound in green cloth, $2.00. 

AMT12. Tasie or Naturat Locarirams, Votume IV: 
Logarithms of the decimal numbers from 5.0000 to 10.0000, to 16 places ot decimals, 
(1941) XX1I+506 pages; bound in buckram, $2.00. 
13° Tarie or Sve AND Cosme IntecRALs FoR ArnGuMENTS From 10 10 100: 
(1942) XXXII+ 185 pages; bound in buckram, $2.00, 

MT 14. Tasves or Prosasiurty Functions, Votume II: 


Values of these functions to 15 places of decimals from 0 to 1 at intervals of 0.0001 and from 
1 to 7.8 at intervals of 0.001. 
(1942) XX1+-344 pages; bound in buckram, $2.00. 
a T15. The hypergeometric and Legendre functions with applications to integral equations ot 
potential theory. By Chester Snow, National Bureau of Standards. Reproduced from original 
handwritten manuscript. 
(1942) VII+-319 pages; bound in heavy paper cover, $2.00. 
T16. Taste or Arc Tan X: 


Table of inverse tangents for positive values of the angle in radians. Second central differences 
are included for all entries. 





Interval between 
Range of x successive atguments 
0 to 7 0.001 
7to 50 01 
50to 300 A 


300 to 2.000 1 
2,000 to 10,000 10 


ian XXV-+-169 pages; bound in buckram, $2.00, 
\MT17. Miscellaneous Physical Tables: 
Planck's radiation functions (Originally published in the Journal of the Optical Society of 
America, February 1940); and 
Electronic functions. 
(1941) VI1+58 pages; bound in buckram, $1.50, 


“ MTIB8. Table of the Zeros of the Legendre Polynomials of Order 1-16 and the Weight Coefficients 
for Gauss’ Mechanical Quadrature Formula. Gass Pivot! 
(Reprinted from Bull. Amer. Mathemical Society, October 1942.) 
5 pages with cover. 25 cents. 
MT19. On the Function H (m, a, x)=exp(—ix) F (m+1—ia, 2m+2; ix); with table of the 
confluent hypergeometric function and its first derivative. GA 
(Reprinted from Journal of Mathematics and Physics, December 1942.) 20 pages, with 
cover. 25 cents. 
Payment is required in advance. Make remittance payable to the “National 
Bureau of Standards,” and send with order, using the blank form facing page 
of the cover. 
The prices are for delivery in the United States and its possessions and in 
countries extending the franking privilege. To other countries the price of 
MT2 to MT16, inclusive, is $2.50 each; M117, $1.75; MT18 and MT19, 30 
cents each; remittance to be made payable in United States currency. 
Copies of these publications have been sent to various Government depositories 
throughout the country, such as public libraries in large cities, and colleges and 
universities, where they may be consulted. 
A mailing list is maintained for those who desire to receive announcements 
regarding new tables as they become available, 
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